A B S T R A C T Immunoglobulin L-chain metabolism was studied in normal mice, mice with sodium maleate-induced renal tubular disease but normal glomerular filtration rate (GFR), and mice with both tubular disease and decreased GFR. The proteinuric rate of L-chain was increased twofold in mice with tubular disease alone though there was no alteration in the over-all rate at which L-chainedisappeared from the circulation in these animals. This was in sharp contrast to findings in mice with tubular disease and a decreased glomerular filtration rate in which L-chain disappearance rates were markedly reduced. These findings demonstrate that in the normal state, L-chain and presumably other proteins of similar size pass through the glomerulus and are avidly taken up and catabolized by the convoluted tubular cells. In tubular proteinuric states this linked uptake-catabolic function fails, resulting in elevated urinary excretion but normal serum levels and turnover rates of these proteins. In uremic states with decreased glomerular filtration, less small protein is delivered into the tubular lumen and the processes of excretion and catabolism are reduced. This results in prolongation of the survival of small proteins and explains the elevated serum concentrations of these proteins observed in uremia.
INTRODUCTION
The term "tubular proteinuria" refers to a characteristic pattern of proteins excreted in the urine of patients with disorders of the convoluted tubule of the kidney. Tubular proteinuria differs from the glomerular proteinuria of the nephrotic syndrome in two ways. First, the total urinary protein loss is usually much less in tubular proteinuria than in glomerular proteinuria. Second, and more important, relative excretion of large and small Received for publication 25 July 1970 and in revised form 19 November 1970.
proteins is very different in the two conditions. In glomerular proteinuria, most of the protein appearing in the urine is albumin (mol wt 68,000) and transferrin (mol wt 90,000). In tubular proteinuria, the proteins present in greatest abundance are a heterogenous group of molecules having in common relatively low molecular weight (< 50,000) including serum enzymes (1) , immunoglobulin light chains (2) , and perhaps small protein hormones. As the name implies, tubular proteinuria is observed in a number of conditions sharing acquired damage or hereditary abnormality of the renal tubule. Examples include cystinosis (3), Wilson's disease (4) , cadmium poisoning (5), hypokalemic nephropathy (6), acute tubular necrosis (7), renal transplantation (8) , Balkan nephropathy (9) , and the Fanconi syndrome (10) .
In studies using physico-chemical and immunological techniques (11, 12 ) the various components of the tubular proteinuria pattern have been described and identified. These studies have established that nearly all of the proteins appearing in the urine of patients with tubular proteinuria are also present in normal serum. In other investigations total urinary excretion rates and plasma clearances of easily measured low molecular weight proteins have been determined in order to estimate the degree of tubular involvement in renal disease (1, 13, 14) . From these studies the concept has evolved that tubular proteinuria results from defective reabsorption of protein by the renal tubular epithelial cell.
The current study was designed to shed additional light on the nature of the renal defect in tubular proteinuria. An experimental Fanconi syndrome was produced in mice using the tubular toxin, sodium maleate. The metabolic fate of a representative small protein, immunoglobulin L-chain, was then studied. The results indicate that tubular proteinuria is due to a failure of both tubular uptake and tubular catabolism of small proteins normally appearing in the glomerular filtrate. (15) . Urine collected from these mice was dialyzed against 0.5 M Tris-acetate buffer (pH 5.4) and then chromatographed on diethyaminoethyl (DEAE)-cellulose equilibrated with the same buffer. The early protein peak eluted from the DEAE column contained only L-chain as determined by Ouchterlony double diffusion with antiwhole mouse, anti-immunoglobulin mix, and anti-X and anti-K L-chain antisera.
Iodination of the purified protein was accomplished with I or 'lI (Squibb) using the iodine monochloride technique of McFarlane (16) . There were from 0.3 to 1.0 moles of iodine per mole of protein in the final products. Over 97% of the radioactivity of all preparations was precipitable with 10% trichloroacetic acid (TCA).
Sodium maleate preparation and administration
Maleic acid was dissolved in distilled water, neutralized to pH 7.0 with 10 N NaOH, and brought to a final concentration of either 100 mg/cc or 50 mg/cc. It was administered intravenously by tail vein at doses of either 200 or 400 mg/kg.
Method of measuring protein metabolism
The metabolism of labeled L-chain was studied by determining its fractional metabolic rate (per cent of the intravenous pool of L-chain lost per hour to proteinuria and endogenous catabolism), fractional catabolic rate (per cent of the intravenous pool lost per hour to endogenous catabolism alone), and fractional proteinuric rate (per cent of the intravenous pool lost per hour to proteinuria alone). These parameters were determined from serum turnover studies and studies of proteinuria.
Serum turnover studies. Metabolism of labeled L-chain was studied by measuring the rate of disappearance of protein-bound radioactivity from the serum. Whole body turnover studies. Metabolism of labeled Lchain in these studies was determined as described previously (20) by measuring the rate of decline in proteinbound (10% TCA precipitable) radioactivity of the whole body after intravenous injection of labeled protein. In brief, this was done by measuring the protein-bound activity of aliquots of whole homogenized animals sacrificed at appropriate intervals. The fraction of the initial radioactivity remaining protein bound was considered to be the fraction of injected protein not yet metabolized. The fraction remaining protein bound at each time point was plotted on semilog paper to obtain a whole body die-away curve. Whole body fractional metabolic rates were calculated from these plots by the method of Matthews (18) .
Determination of proteinuric rate. The proteinuric rate is here defined as the fraction of the intravenous pool which appears in the urine as intact protein per unit time. This was measured by injecting labeled L-chain intravenously into control and sodium maleate-treated mice and scrupulously collecting urine over the subsequent 3 hr. During this period, the animals were anesthetized with 0.25 cc 3% chloral hydrate. At the end of the collection period, the animals' bladders were completely emptied by digital compression, the urine added to the 3 hr collection, and the animals sacrificed with ether. Immediately after initial injection and again immediately after sacrifice the number of counts per animal was determined in a Baird-Atomic whole animal gamma counter to determine the number of counts excreted during the study period. After counting, the animals were homogenized, and aliquots of whole homogenate and supernatants of TCA-precipitated homogenate were counted to determine the ratio of bound to free iodide remaining in the animal. The ratio of precipitable to total counts in the 3 hr urine collection was also determined by precipitation with 10% TCA.
The percentage of over-all metabolism resulting from proteinuria was calculated from the data so obtained as follows: protein were decapitated and bled; the blood was heparinized, spun, and the concentration of protein-bound counts contained in the resultant plasma was determined by precipitation with 10% TCA. This was expressed as a per cent where UPC = precipitable counts in urine; UNPC = nonprecipitable counts in urine; UTC = total counts in urine (UPC + UNPC); HNPC = nonprecipitable counts in whole animal homogenate; HTC = total counts in whole animal 902 R. P. Mogielnicki Creatinine clearances of control and 400 mg/kg maleate groups significantly different (P < 0.001).
I Numbers in parentheses refer to number of animals studied.
homogenate; T°C = counts in intact animal at onset of experiment; and TVC = counts in intact animal at time of sacrifice. The per cent of metabolism resulting from proteinuria calculated in this way was then multiplied by the intravenous fractional metabolic rate obtained from turnover studies to obtain the intravenous fractional proteinuric rate or the fraction of the intravenous pool of L-chain excreted each hour as proteinuria.
Operative procedures
Mice were anesthetized with 3% chloral hydrate intraperitoneally and ether. Ureters were severed through an abdominal approach. The abdominal wounds were closed with 4-0 Dermalon sutures and sealed with flexible collodion. The radioactivity in the animals as measured with a whole animal counter was the same at the beginning and end of the experiments confirming that the closures of the abdominal wounds were adequate to prevent loss of radioactivity from the abdominal cavity.
Reticuloendothelial blockade and heat-denatured albumin turnovers
To test the quality of the L-chain preparation, turnovers identical with those described above were done in mice whose reticuloendothelial (RE) systems had been blocked with carbon particles. Blockade was accomplished by intravenous injection of 0.12 cc of "Pelikon" ink (C11/1431 a; Gunther-Wagner, Hanover, Germany) which had been dialyzed overnight against 0.15 M NaCl. The ink was injected 1 hr before injecting labeled proteins. The turnover of 'Ilabeled heat-denatured albumin was studied simultaneously to verify the presence of RE blockade.
To test the effect of sodium maleate upon the RE system, the turnover of 'I-labeled heat-denatured albumin was studied in mice which had received 400 mg/kg sodium maleate 1 hr previously. Turnovers were done in an identical fashion as those using 'I-labeled L-chain.
Documentation of renal tubular defect
Unconcentrated pooled urines of control and treated mice were examined by acrylamide-gel electrophoresis. Glycosuria was measured by the total reducing substance method of Hofmann (21) , phosphaturia was measured by Technicon AutoAnalyzer, and urinary alpha amino nitrogen was measured by the technique of Clayton and Steele (22) .
Measurement of creatinine clearance
Mice were anesthesized with intraperitoneal 3% chloral hydrate, and their bladders were emptied by suprapubic pressure. Urine was collected over the subsequent 3 hr at which time bladders were again emptied and the mice decapitated and bled. Serum and urine creatinines were measured by a modification of the Hach method (23) .
RESULTS
Effect of sodium maleate on renal function and histology. As shown in Table I , both 200 mg/kg and 400 mg/kg sodium maleate administered intravenously to mice resulted in phosphaturia, glucosuria, and amino aciduria within 1 hr. In addition, on acrylamide-gel electrophoresis, urine of treated animals developed the multiple band pattern similar to that seen in tubular proteinuric patients, while urine from control animals developed only three major bands. No change in creatinine clearance was observed with 200 mg/kg but a dramatic fall occurred using the 400 mg/kg dose.
The histologic effects of sodium maleate are shown in Fig. 1 . In animals receiving 200 mg/kg, convoluted renal tubular cells were somewhat granular and demonstrated some blunting of the brush border. In animals receiving 400 mg/kg the convoluted tubular epithelium appeared necrotic with loss of cellular detail. In some places the epithelium had sloughed entirely leaving denuded basement membrane. Some tubular lumina were seen to be plugged with cellular debris. Glomeruli and collecting ducts appeared normal at both maleate doses.
Effect of sodium maleate on L-chain turnover. 
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metabolic rates (fraction of the intravascular pool lost either to catabolism or by excretion as intact protein per hour) calculated from them (Table II) are statistically identical (P > 0.65), 70% ±5.3% for controls and 74 ±4.2% for maleate-treated animals. Hence, damage to the renal tubule in the presence of normal GFR does not alter the rate at which L-chain disappears from the circulation. Fig. 2 also shows the intravenous disappearance curve in animals treated with 400 mg/kg sodium maleate. This dose not only causes a Fanconi syndrome and a tubular proteinuria pattern on acrylamide gel, but also lowers creatinine clearance fivefold. The fractional metabolic rate of L-chain in animals so treated is markedly reduced, falling to 14.8 ±9.5% of the intravenous pool per hour.
As anticipated from the intravenous turnovers, sodium maleate at 200 mg/kg had no effect on the rate of disappearance of L-chain from the whole animal. As shown in Fig. 3 the whole body die-away curves of L-chain are identical in treated and untreated animals.
Effect of sodium maleate on proteinuric rate. As shown in Table II 13.1% of the over-all metabolism of L-chain was attributable to intact proteinuria in controls, while 25.6% of this over-all metabolism was attributable to proteinuria in animals receiving 200 mg/kg of sodium maleate; these values are significantly different (P < 0.01). From these values one may derive the fact that control mice excreted 9.2% of their intravascular L-chain per hour in the form of intact protein, whereas sodium maleate-treated mice excreted 18.9% of their intravascular L-chain per hour. This constitutes a greater than twofold increase in the proteinuric rate for the experimental group treated with 200 mg/kg of sodium maleate. It should be noted that a similar percentage of the over-all metabolic rate was attributable to proteinuria in the group of mice with mixed renal disease treated with 400 mg/kg of sodium maleate. In this case, however, owing to the fact that the over-all metabolic rate was greatly reduced, the proteinuric rate was also reduced.
Effect of sodium maleate on ureter-severed mice. To demonstrate the effect of sodium maleate on catabolism alone (i.e. to exclude the contribution of proteinuria to the over-all metabolic rate), metabolic studies were done in ureter-severed animals. Fig. 4 shows the rate of decline of protein-bound radioactivity in the whole body 10 and 400 mg/kg (0-0) sodium maleate. Each point represents the mean value of three to six animals. Curves were fit to points by computer using the least squares method. Fractional metabolic rates (Table II) were calculated from these curves by use of the SAAM 25 program of Berman and Weiss (17) and their standard deviations are a function of both the variance of individual data points and the degree of goodness of fit obtainable with these points.
Renal Handling of Low Molecular Weight Proteins. 1. after administration of labeled L-chain to controls and ureter-severed mice that had been treated with 200 mg/kg sodium maleate. As was anticipated from the different proteinuric rates in unoperated treated and unoperated control animals, the turnover of L-chain in the maleate-treated, ureter-severed animals was considerably slower than in untreated, ureter-severed controls. The whole body fractional metabolic rate (fraction of whole body L-chain metabolized per hour) for the former was 6.4%/hr, the latter 21.0%/hr. These figures cannot be directly related to data obtained in unoperated animals since operation itself probably alters GFR to some extent. They demonstrate quite clearly, however, that sodium maleate decreases L-chain fractional metabolic rate when the effect on endogenous catabolism is not counterbalanced by the effect on proteinuria.
Turnover of heat-denatured albumin and L-chain in RE-blocked and treated animals. Mice in which the reticuloendothelial system had been blocked with carbon particles were found to contain 85.9 ±1.5% of the administered 'I-labeled heat-aggregated albumin as intact protein after 5 hr, as compared to only 23.6 ±7.0% in control animals confirming that RE blockade had been accomplished. However, L-chain turnover was the same in animals undergoing reticuloendothelial blockade with carbon particles as in normal unblockaded animals. This shows that the effects of sodium maleate are not due to the presence of denatured L-chain in our preparations. Furthermore, the turnover of heat-denatured albumin was not affected by 400 mg/kg sodium maleate, indicating that even at high doses sodium maleate does not interfere with reticuloendothelial clearance of denatured protein.
DISCUSSION
In order to study the origin of tubular proteinuria and the role of the kidney in the metabolism of low molecular weight serum proteins, we sought an animal model of renal disease specifically affecting the renal tubule. Animals treated with the appropriate dose of sodium maleate appear to represent such a model. Other investigators have shown that this organic salt is a nephrotoxic agent whose primary histologic and physiologic effects are on the convoluted tubule (24) (25) (26) (27) . In the present investigation mice receiving 200 mg/kg of sodium maleate developed the characteristic urinary abnormalities of tubular disease, a Fanconi syndrome with glycosuria, aminoaciduria, and phosphaturia, but showed no change in glomerular function as manifested by normal creatinine clearances. Histologic examination of the kidneys of these mice disclosed flattened brush borders, lumenal vacuolation, and thickened tubular basement membranes, but no changes in the glomeruli or collecting ducts; similar histologic observations have been made by Worthen in rats (28) . In contrast, mice treated with 400 mg/kg of sodium maleate developed a Fanconi syndrome but, in addition, creatinine clearances were decreased. The kidneys of these animals In our metabolic studies in mice with experimental Fanconi syndrome and normal glomerular filtration rate the intravenous fractional metabolic rate for L-chain (the per cent of the intravenous pool of L-chain disappearing due to loss and/or catabolism per unit time) was normal. However, the proteinuric rate in these animals with tubular damage was significantly increased. This normal metabolic rate was, however, accompanied by an increased intravenous fractional proteinuric rate (per cent of the intravenous pool lost as intact protein into the urine per unit time). In contrast, in mice with both Fanconi syndrome and decreased glomerular filtration rate the L-chain intravenous fractional metabolic rate was greatly decreased.
These results offer additional insight into the nature of the renal handling of circulating proteins. Oliver, MacDowell, and Lee (29) showed many years ago that hemoglobin and other proteins appear in renal tubular cells after intravenous injection. Later, Lathem, Davis, Zweig, and Dew (30) , by use of stop-flow analysis, were able to demonstrate directly that hemoglobin can be taken up from the proximal tubular lumen. Events following the uptake process were studied by Straus (31), Miller and Palade (32) , and Maunsbach (33) who demonstrated with histologic techniques that certain intravenously injected proteins are taken up into renal tubular cells from the lumenal side and then become associated with intracellular digestive bodies, at which time they are at least partially catabolized. The physiologic importance of this renal catabolic mechanism became more evident in the studies of Solomon, Waldmann, Fahey, and McFarlane (34) in uremic patients and by Wochner, Strober, and Waldmann (20) in nephrectomized mice; in these studies renal catabolism was shown to be a major factor in the metabolism of circulating Lchains. In the present studies we show that disruption of tubular function with sodium maleate does not alter the total metabolic rate for L-chains. If significant intact reabsorption of L-chain through the tubular cell did take place in the normal state, then disruption of tubular function would be expected to cause an increase in total L-chain rate. This would result from the urinary loss of protein in animals with tubular dysfunction which, in normal animals, would be reabsorbed, thus prolonging the protein's survival. The fact that the total metabolic rate was not increased in the animals treated with sodium maleate therefore suggests that there is little or no transport of intact L-chain through the convoluted tubular cells back into the blood stream and that protein once taken up by tubular cells is largely catabolized therein.
The metabolic data reported in these studies allows one to propose certain physiologic models for the way in which L-chains and presumably other low molecular weight proteins are handled by the kidney in normal states, tubular proteinuric states, and in states associated with mixed glomerular-tubular disease. In normal states, small proteins which pass with relative ease through the glomerular filter are, to a large degree, taken up by and catabolized in the tubular cells with the resultant salvage of amino acids. In this situation, only a small amount of protein filtered by the glomerulus appears in the urine.
In tubular proteinuric states with normal glomerular filtration rate, protein filtration continues but the process of uptake and catabolism decreases and much more intact protein appears in the urine. Since protein filtration is unchanged the over-all metabolic rate of the protein remains unchanged: the route of metabolism has merely been shifted from catabolism to proteinuria. Previous studies of tubular proteinuria fit well with this physiologic model. It has been shown that nearly all the proteins of tubular proteinuria originate in the serum and most of them are present in normal urine in minute amounts (12, 35, 36 of the rate of removal of a substance from the blood. In tubular proteinuria, the clearance of protein from the blood is unchanged but the pathway of removal is shifted from tubular uptake and catabolism to urinary excretion.
In conditions associated with uremia and profoundly decreased glomerular filtration rates as in the case of the group of animals treated with 400 mg/kg of sodium maleate, less protein finds its way into the tubular lumen to be delivered to the catabolic machinery or excreted and hence a decline in the metabolic rate is seen similar to that observed in complete nephrectomy. This loss of both catabolic and excretory function in states of decreased glomerular filtration explains the high serum levels and prolonged survivals of certain small proteins seen in uremia (37) (38) (39) . In diseases in which there is a mixture of both tubular and glomerular disease, one may predict that the accumulation of low molecular weight proteins in the serum will be proportional to the magnitude of the glomerular component of the disease.
In other studies performed in this laboratory the mechanism of the renal handling of L-chains described in this paper has been shown to apply to a number of other small proteins. These low molecular weight serum proteins include a number of hormones and enzymes such as ribonuclease and lysozyme and therefore are molecules of considerable biologic activity. The accumulation of such proteins in the circulation due to decreased renal catabolism or excretion may be the cause of some of the poorly understood manifestations of uremia.
Renal tubular uptake and catabolism may also apply to proteins of higher molecular weight such as albumin. However, this would depend on the extent to which such proteins can gain access to the tubular lumen. In the normal animal with a normal glomerular basement membrane no significant renal catabolism of albumin occurs. However in both clinical and experimental nephrotic syndrome, wherein there is a significant passage of albumin across the glomerular basement membrane, one does indeed see an increased rate of endogenous albumin catabolism presumably due to uptake and catabolism of this protein in renal tubular cells (40, 41) .
